CCN1/CYR61 overexpression in hepatic stellate cells induces ER stress-related apoptosis  by Borkham-Kamphorst, Erawan et al.
Cellular Signalling 28 (2016) 34–42
Contents lists available at ScienceDirect
Cellular Signalling
j ourna l homepage: www.e lsev ie r .com/ locate /ce l l s igCCN1/CYR61 overexpression in hepatic stellate cells induces ER
stress-related apoptosisErawan Borkham-Kamphorst a,⁎, Bettina T. Steffen a, Eddy Van de Leur a, Ute Haas a, Lidia Tihaa a,
Scott L. Friedman b, Ralf Weiskirchen a,⁎
a Institute of Molecular Pathobiochemistry, Experimental Gene Therapy and Clinical Chemistry, RWTH Aachen University Hospital, Germany
b Division of Liver Diseases, Icahn School of Medicine at Mount Sinai, NY, USAAbbreviations: Ad5-CCN1, Ad5-CMV-CCN1; Ad5-Luc,
transcription factor 6; β-Gal, β-galactosidase; ECM
endoplasmic reticulum; ERAD, ER-associated protein deg
cell(s); IRE1, inositol-requiring enzyme 1; LCN2, Lipocali
hepatocyte(s); PERK, protein kinase R (PKR)-like endoplas
tal myoﬁbroblast(s); TUDCA, tauroursodeoxycholic acid
dUTP nick end-labeling assay; UPR, unfolded protein resp
⁎ Corresponding authors at: Institute of Molecular Pathob
Therapy and Clinical Chemistry, RWTH-University Hospital
E-mail addresses: ekamphorst@ukaachen.de (E. Borkh
rweiskirchen@ukaachen.de (R. Weiskirchen).
http://dx.doi.org/10.1016/j.cellsig.2015.10.013
0898-6568/© 2015 The Authors. Published by Elsevier Inca b s t r a c ta r t i c l e i n f oArticle history:
Received 27 August 2015
Accepted 23 October 2015







CCN1/CYR61CCN1/CYR61 is a matricellular protein of the CCN family, comprising six secreted proteins speciﬁcally associated
with the extracellular matrix (ECM). CCN1 acts as an enhancer of the cutaneous wound healing process by
preventing hypertrophic scar formation through induction of myoﬁbroblast senescence. In liver ﬁbrosis, the se-
nescent cells are primarily derived from activated hepatic stellate cells (HSC) that initially proliferate in response
to liver damage and are the major source of ECM. We investigate here the possible use of CCN1 as a senescence
inducer to attenuate liver ﬁbrogenesis by means of adenoviral gene transfer in primary HSC, myoﬁbroblasts
(MFB) and immortalized HSC lines (i.e. LX-2, CFSC-2G). Infection with Ad5-CMV-CCN1 induced large amounts
of CCN1 protein in all these cells, resulting in an overload of the endoplasmic reticulum (ER) and in a compensa-
tory unfolded protein response (UPR). The UPR resulted in upregulation of ER chaperones including BIP/Grp78,
Grp94 and led to an activation of IRE1α as evidenced by spliced XBP1mRNAwith IRE1α-induced JNK phosphor-
ylation. The UPR arm PERK and eIF2a was phosphorylated, combined with signiﬁcant CHOP upregulation. Ad5-
CMV-CCN1 induced HSC apoptosis that was evident by proteolytic cleavage of caspase-12, caspase-9 and the
executor caspase-3 and positive TUNEL stain. Remarkably, Ad5-CMV-CCN1 effectively reduced collagen type I
mRNA expression and protein. We conclude that the matricellular protein CCN1 gene transfer induces HSC
apoptosis through ER stress and UPR.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The endoplasmic reticulum (ER) is a subcellular organelle, whose lu-
minal volume constitutes at least one-tenth of the volume of the cells,
and it is where the vastmajority of secreted, glycosylated, and lipid pro-
teins are folded into their proper tertiary and quaternary structures. A
variety of conditions, such as loss of the lumen oxidizing environment
or imbalance of the Ca2+ homeostasis, hypoxia/ischemia, or protein
overload in the ER, lead to the accumulation of unfolded proteins.
These proteins tend to aggregate through hydrophobic interactions
resulting in activation of an evolutionary conserved compensatoryAd5-CMV-Luc; ATF6, activating
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. This is an open access article undermechanism, termed the ER stress response or unfolded protein re-
sponse (UPR) [1,2]. UPR is involved in (i) the induction of cell cycle ar-
rest in the G1/S phase, (ii) attenuation of protein synthesis to prevent
further protein aggregation and accumulation in ER, (iii) promotion of
ER-localization of chaperone proteins to enhance protein folding such
asGrp78/BIP, Grp94, calnexin and calreticulin, andﬁnally (iv) activation
of ER-associated protein degradation (ERAD) [3–5]. These processes are
mediated through three signaling branches: inositol-requiring enzyme
1 (IRE1), protein kinase RNA (PKR)-like endoplasmic reticulum kinase
(PERK), and activating of the transcription factor (ATF) 6 [6–9]. Proteins
are normally held in inactive states in ER membranes by binding to
intra-ER chaperones, particularly the 78-kDa glucose-regulated/
binding immunoglobulin protein (Grp78/Bip) [10,11]. In response to
stimuli that divert ER chaperones to an overwhelming load ofmisfolded
proteins, IRE1, PERK and ATF6 initiate signals to promote the expression
of genes required for folding of newly synthesized proteins and/or for
degradation of unfolded proteins to re-establish homeostasis and
normal ER function. However, when injury is too excessive, these
same ER stress signal transduction pathways can also induce cell
death [12,13].
Cysteine-rich angiogenic inducer 61 (CYR61/CCN1) is amatricellular
protein of the CCN family, comprising of six secreted proteins that playthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ily members lack speciﬁc high-afﬁnity receptors, they instead exhibit
their function in biological processes, such as ﬁbrogenesis, by signaling
via diverse integrins and proteoglycans [15,16]. Recent studies show
that CCN1 enhances cutaneous wound healing and prevents hypertro-
phic scar formation through induction of myoﬁbroblast senescence
[17]. Combined with previous reports showing that senescent cells ac-
cumulated in murine livers to trigger ﬁbrosis resolution [18], this pro-
tein has attracted the attention of many investigators studying organFig. 1. CCN1 expression in acute liver injury and isolated primary liver cells. (A)Western blot an
upregulation of CCN1 and LCN2with slightly increased expression ofα-SMAand diminished co
PCR of freshly isolated HSC showing signiﬁcantly higher CCN1 expression compared to hepato
protein lysates from freshly isolated PC and culturedparenchymal cells (HSC cultured for 4 days,
S stainwere used as loading controls. (D) Immunocytochemistry double-staining of CCN1 andGﬁbrogenesis. Adenovirus mediated overexpression of CCN1 in portal
myoﬁbroblasts (pMF) induces cellular apoptosis rather than senescence
[19], while CCN1 protein induces cellular senescence resulting in atten-
uation of liver ﬁbrosis in experimental cholestatic- and hepatotoxic-
induced liver injuries [20]. Since hepatic stellate cells (HSC) are the
major sources of ﬁbrogenic proteins in ﬁbrotic livers, we investigated
the effects of CCN1 overexpression in this proﬁbrogenic cell type using
adenovirus gene transfer, and found that intracellular CCN1 induces
HSC apoptosis through ER stress leading to UPR activation.alysis of liver lysates isolated frommice after 24 h of a single CCl4 injection showing robust
llagen type I,while β-actin served as a loading control. (B) Upon 24 h CCl4 application, qRT-
cytes (PC). (C) Western blot analysis of CCN1 protein expression using equal amounts of
MFB cultured for 5 days and pMF at passages 2 and4). In this analysis,β-actin and Ponceau
FAP, the speciﬁcmarker of HSC andMFB showing CCN1 to localize at the perinuclear areas.
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2.1. Primary liver cells and cell lines
HSC were isolated from male Sprague–Dawley rats by density
gradient centrifugation technique and cultured as described previously
[21,22]. MFB were obtained by sub-cultivation of HSC at day 7 of initial
culturing. The immortalized rat HSC line CFSC-2G [23] was cultured in
medium containing 10% FCS, 4 mM L-glutamine, 100 IU/ml penicillin,
100 μg/ml streptomycin, and 1× non-essential amino acids. The
human HSC line LX-2 has been described previously [24,25].
2.2. Overexpression of CCN1 in CFSC-2G
For transient overexpression of CCN1/CYR61, we used the expres-
sion plasmid IRAKp961O1410Q (ImaGenes, Berlin, Germany) contain-
ing a full-length cDNA of murine CCN1 directed under transcriptional
control of the CMV promoter/enhancer. For transfection, cells were
seeded in 6-well plates one day before transfection in Dulbecco's Mod-
iﬁed Eagle Medium (DMEM) containing 10% FCS, 4 mM L-glutamine,
100 IU/ml penicillin, and 100 μg/ml streptomycin, while non-essential
amino acids were added for CFSC-2G. Prior to transfection, the medium
was renewed and cells were transfected with 2.5 μg vector each
using the Mirus transfection reagent (Mirus, VWR International
GmbH, Darmstadt, Germany) in accordance with the manufacturer's
instructions.
2.3. Adenoviral CCN1 gene transfer
Generation of Ad5-CMV-CCN1 (Ad5-CCN1) has been previously de-
scribed [19]. HSC or MFB were incubated for 24 h with 2 × 109 virions/
ml of Ad5-CCN1or the viral control Ad5-CMV-Luc (Ad5-Luc) expressing
luciferase. Following adenoviral transduction, themediumwas changed
and cells were maintained in 10% FCS under normal growth condition
for the indicated periods for assessment of CCN1/CYR61-induced cellu-
lar senescence, apoptosis, antiﬁbrotic effects, and UPR activation.
2.4. RNA isolation, cDNA synthesis, and qRT-PCR
Cellular total RNA was isolated through QIAzol lysis reagent
and RNeasy Mini kits (Qiagen, Hilden, Germany) according to
manufacturer's instructions, followed by DNAse digestion and subse-
quent RNeasy clean up. Primers for ampliﬁcationwere selected from se-
quences deposited in the GenBank database using the online
ProbeFinder Software (Universal Probe Library Assay Design Center,
Roche, Mannheim, Germany). First-strand cDNA was synthesized from
1 μg RNA in 20 μl volume using SuperScript™ II reverse transcriptase
and random hexamer primers (Invitrogen, Life Technologies,
Darmstadt, Germany). For quantitative real-time PCR (qRT-PCR),
cDNA derived from 25 ng RNA was ampliﬁed in 25 μl volume using
SYBR® GreenER™ qPCR SuperMix for ABI PRISM® (Invitrogen). PCR
conditions were set to 50 °C for 2 min, 40 cycles at 95 °C for 15 s, and
60 °C for 1 min. All primers used in this study are given in Supplemen-
tary Table 1.
2.5. SDS-PAGE and Western blot analysis
Cell lysateswere prepared using RIPA buffer containing 20mMTris–
HCl (pH 7.2), 150mMNaCl, 2% (w/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v)
sodium deoxycholate and the Complete™-mixture of proteinaseFig. 2.Ad5-CCN1 decreased collagen type I andα-SMAexpression inHSC. (A)Western blot anal
lated regions) transduced cells expressing CCN1 protein to diminish collagen type I levels but no
served as a loading control. (B)Quantitative RT-PCR showing relative sizable amounts of CCN1m
SMA. (C) Interestingly, Ad5-CCN1 infected HSCdidmarkedly downregulate CCN3/NOV,while C
of CCN1 and collagen type I showing CCN1 overexpression to mitigate collagen type I expressiinhibitors (Roche). Equal amounts of cellular protein extracts or super-
natants were diluted with Nu-PAGE™ LDS electrophoresis sample buff-
er with DTT as reducing agent, heated at 95 °C for 10min, and separated
in 4–12% Bis–Tris gradient gels, usingMOPS or MES running buffers (all
from Invitrogen). Proteins were electroblotted onto nitrocellulose
membranes (Schleicher & Schuell BioScience GmbH, Dassel, Germany),
and equal loading was shown in Ponceau S stain. Subsequently, non-
speciﬁc binding sites were blocked in TBS containing 5% (w/v) non-fat
milk powder. All antibodies (Supplementary Table 2) were diluted in
2.5% (w/v) non-fat milk powder in Tris-buffered saline. Primary anti-
bodies were visualized using horseradish peroxidase conjugated anti-
mouse-, anti-rabbit- or anti-goat IgG (Santa Cruz Biotech, Santa Cruz,
CA) and the SuperSignal chemiluminescent substrate (Pierce, Bonn,
Germany).
2.6. Fluorescent immunocytochemistry
HSC cultured on coverslips were ﬁxed at indicated time points with
4% paraformaldehyde in PBS for 15 min at room temperature, followed
by a 5 min permeabilization step with 0.3% Triton X-100 and 0.1% sodi-
um citrate (pH 6.0) on ice. The coverslips were then blocked with 50%
FCS, 1% BSA and 0.025% Tween 20 in PBS for 30 min at 37 °C, followed
by 4 °C overnight incubation with primary antibodies. Subsequently,
the Alexa Fluor® conjugate secondary antibodies were applied for 1 h
at room temperature and the nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI). Finally, the coverslipsweremounted
on glass slides and analyzed with ﬂuorescence microscopy.
2.7. Detection of cellular senescence
To measure cellular senescence, the activity of β-galactosidase (β-
Gal) was measured at pH 6.0 using the Senescence β-Galactosidase
Staining Kit (#9860) obtained from Cell Signaling Technology (NEB,
Frankfurt, Germany), essentially following manufacturer's instructions.
2.8. Terminal transferase dUTP nick end-labeling assay (TUNEL)
For DNA fragmentation detection resulting from apoptotic signaling
cascades, we used the In Situ Cell Death Detection Kit, Fluorescein
(Roche) according to manufacturer's instructions. The presence of
nicks in the DNA was identiﬁed by terminal deoxynucleotidyl transfer-
ase (TdT), an enzyme that catalyzes the addition of labeled dUTPs.
Cultured HSC on glass coverslips were analyzed by ﬂuorescencemicros-
copy for direct ﬂuorescein. For positive control staining, the specimens
were digested with DNAse.
2.9. Animal experiments and specimen collection
Animal protocols were in compliance with the guidelines for animal
care approved by the responsible German Animal Care Committee
(LANUV, Recklinghausen, Germany). Acute liver injury was induced by
a single dose CCl4 injection and liver were harvested 24 h thereafter
for hepatocyte and HSC isolation. A ﬂuorescence cell sorting (FACS)
protocol was applied for HSC puriﬁcation for the isolation of highly
pure HSC mRNA [26].
2.10. Statistics
Data are expressed as mean ± standard deviation (SD). Means of
different groups were compared using 1-way analysis of variance.ysis of HSC depicting Ad5-CCN1 (clone-2 and -8 that differ in the length or their 3′untrans-
tα-SMA and desmin, with signiﬁcant attenuation of Smad2 activation. GAPDH expression
RNA inAd5-CCN1-infected cells correlatingwith decreased levels of collagen type I andα-
CN2/CTGFmRNA levels decreased only slightly. (D) Immunocytochemistry double staining
on.
Fig. 3. Ad5-CCN1 induced HSC apoptosis. (A)Western blot analysis showing that the infectionwith Ad5-CCN1 activates p-p65 of NF-κB and JNK resulting in activation of caspase-9 and -3.
The expression of GAPDH served as a loading control. (B) TUNEL staining showing Ad5-CCN1 to induce apoptosis asmarked by ﬂuorescent labeled dUTPs in nicked DNA in the nuclei. HSC
digested with DNAse served as positive control. (C) β-galactosidase staining showed no differences between Ad5-CCN1 transduced cells and controls.
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Probability values of less than 0.05, 0.01 and 0.001 were considered as
statistically signiﬁcant andmarked with “*”, “**”, and “***” in respective
ﬁgures.
3. Results
3.1. CCN1 expression in acute liver injury and isolated primary liver cells
Twenty four hours following acute liver injury resulting from a
single dose CCl4 injection, there was robust CCN1 protein expression
combined with slightly increased α-SMA and modestly decreased ex-
pression of collagen I. Lipocalin 2 (LCN2), a validated biomarker of in-
ﬂammatory liver injury, was strongly induced after the CCl4 dose
(Fig. 1A). We further isolated hepatocytes and HSC from acutely injured
livers and found only a slight increase in CCN1mRNA and protein levels
in hepatocytes (Fig. 1B and C). By contrast, mRNA from freshly isolated
HSC after CCl4 that were puriﬁed through a FACS protocol, expressed
signiﬁcantly more CCN1 compared to hepatocytes (Fig. 1B). CCN1 pro-
tein levels in hepatocytes conﬁrmed signiﬁcantly lower expression
compared to the different non-parenchymal cell subpopulations, i. e.
HSC, MFB and pMF (Fig. 1C). Immunocytochemical double staining of
glial ﬁbrillary acidic protein (GFAP), a speciﬁc hepatic marker for HSC,
and CCN1 were consistent with CCN1 expression ﬁndings in both HSC
and MFB (Fig. 1D).
3.2. Ad5-CCN1 decreased collagen type I and α-SMA expression in HSC
Ad5-CCN1-mediated gene transfer in HSC for 30 and 60 h triggered
very high expression of CCN1 mRNA and protein (Fig. 2A and B). Ad5-
CCN1 infected HSC were analyzed for expression of collagen type I α1
(col1α1) and α-SMA. Interestingly, the transduction of CCN1 resulted
in markedly decreased expression of both col1α1 and α-SMA mRNAs,
as analyzed by qRT-PCR (Fig. 2B), whereas Western blot only modestly
reduced col1α1, with a marginal impact of CCN1 on α-SMA protein
levels, while Smad2 activation was attenuated (Fig. 2A). At the same
time, the transgene did markedly downregulate CCN3/NOV in HSC,while CCN2/CTGF mRNA levels decreased only slightly (Fig. 2C). More-
over, immunohistochemistry conﬁrmed that the overexpression of
CCN1/CYR61 in the respective cells inhibited col1α1 production
(Fig. 2D).
3.3. Ad5-CCN1-induced HSC apoptosis
Overexpression of CCN1 in HSC also correlatedwith an increase of ap-
optoticmarker proteins including cleaved caspase-3 and -9 (Fig. 3A). This
apoptotic pathway engagement was mediated through sustained activa-
tion of the c-Jun NH2-terminal kinases (JNK) with compensatory NF-κB
activation. Ad5-CCN1 transduced HSC also had signiﬁcantly increased
TUNEL expression compared to control cultures or Ad5-Luc-infected
cells (Fig. 3B). Since CCN1 protein is a ﬁbroblast senescence inducer, we
next performed β-Gal stain. However, in our analysis, HSC that were
infected with the adenoviral CCN1 showed no signiﬁcant differences in
β-Gal positivity when compared to the control cultures (Fig. 3C).
3.4. Ad5-CCN1-induced ER stress and unfolded protein response (UPR)
Adenoviral overexpression of CCN1 induces large amounts of CCN1
protein (cf. Fig. 2A) that need proper folding before secretion into the
extracellular space. All six CCN proteins exhibit a similar type of organi-
zation and share a closely related primary structure, including a series of
38 cysteine residues that are strictly conserved in position and number.
Since Ad5-CCN1 gene transfer induces HSC apoptosis, we next investi-
gated cellular markers of ER stress and UPR, and found that Ad5-CCN1
induced spliced XBP1 (Fig. 4A), expression of Grp78/Bip, grp94, tran-
scription factor C/EBP homologous protein (Chop), Trib3, dnajc3, and
Dnajb9mRNA, genes that are either canonical PERK/p-eIF2a/ATF4 path-
way target genes or associated with ER stress response (Fig. 4B). Analy-
sis of the three ER stress sensors (PERK, IRE1α, and ATF6) that comprise
the UPR revealed that IRE1α and CHOP were increased in Ad5-CCN1
transfected HSC, while the expression of PERK was somewhat lower in
respective cells (Fig. 4C). This analysis further showed that the phos-
phorylation of eIF2α correlated well with the increase of IRE1α and
CHOP. Furthermore, the alterations in the UPR signaling arms IRE1α
39E. Borkham-Kamphorst et al. / Cellular Signalling 28 (2016) 34–42and PERK resulted in activation of caspase-12, caspase-9, and JNK
(Fig. 4D). In ER stress-induced cellular apoptosis; mitochondria play a
secondary role as indicated by upregulation of cytochrome C and
cleaved caspase-3 (cf. Fig. 4D).
CFSC-2G transfected with a CCN1 expression plasmid expressed re-
duced levels of ﬁbronectin and col1α1, combined with a similar upregu-
lation of CHOP and IRE1α (Fig. 4E) that we had observed in HSC infected
with Ad5-CCN1. Also, in the human HSC cell line LX-2, the infection with
Ad5-CCN1 lowered the concentration of the XBP1(l) mRNA and induced
formationof theXBP1(s)mRNA inwhich the unconventional intron is ex-
cised (Fig. 5A), induced expression of several UPR markers (e.g. Ero1a,
Herb, Dnajc3, Edem1, Pdia4, CHOP, IREα, GRP78/BIP) and apoptosis
markers (e.g. cleaved caspase-3) at the mRNA and protein levels
(Fig. 5B and C).
3.5. Tauroursodeoxycholic acid (TUDCA), an ER stress inhibitor mitigates
Ad5-CCN1 induced apoptosis
In Ad5-CCN1-transduced LX-2 cells, there was signiﬁcant mRNA
upregulation of the ER stress markers Chop, Xbp1(s), Eroa1, Dnajc3,
Edem1 and Pdia4 (cf. Fig. 5B). Also, UPR marker proteins, such as the
ER chaperones BIP, IRE1α, and CHOP were increased (Fig. 5C). We
next added TUDCA, a pharmaceutical chaperone and ER stress inhibitorFig. 4. Ad5-CCN1 induced ER stress and UPR. (A) Semi quantitative PCR showed Ad5-CCN1 to i
RT-PCR showing upregulation ofUPRmarker genes Bip,Grp94, Pdia4, Chop, Trib3,Dnajc3 andDna
analysis of theUPRmarker proteins depicted CCN1 overexpression fromAd5-CCN1 to induce p-
increased cytochrome C expression. (E) CFSC transfectedwith CCN1 plasmids showed decreased
IRE1α, BIP, PDI and CHOP. Β-actin served as a loading control in this set of experiments.to LX-2 cells infected with Ad5-CCN1. At a concentration of 300 μM,
TUDCA attenuate CCN1-induced apoptosis, evidenced by diminished
levels of pro-apoptotic proteins CHOP, cytochrome C and cleaved
caspase-3. TUDCA also decreased the levels of ER stress markers p-
PERK and p-eIF2α, while the levels of CCN1-induced GRP78/BIP,
IRE1α and PDI upregulation were not altered (Fig. 5D).
4. Discussion
We found a robust upregulation of CCN1 in response to acute liver
injury within 24 h upon single dose CCl4 administration (Fig. 1A and
B). In freshly isolatedHSC andhepatocytes from respective liverswe de-
tected signiﬁcantly higher CCN1 levels in HSC compared to hepatocytes
(Fig. 1C). This ﬁnding corresponds to HSC's roles as the major hepatic
cell type that produces ECM. CCN1 involvement in wound healing and
tissue repair has been well documented in skin ﬁbroblasts [17,27].
Liver ﬁbrosis results from wound-healing responses characterized by
the accumulation of ECM following injury [28,29]. If the insult is acute
or self-limited, the liver architecture restores its normal composition,
but if the injury is sustained, chronic inﬂammation and accumulation
of ECM will persist and lead to progressive substitution of liver paren-
chyma through scar tissue formation. In this process the liver parenchy-
mal cells HSC and pMF play essential roles in liver ﬁbrogenesis.nduce XBP1 splicing using GAPDH expression as a control in this analysis. (B) Quantitative
jb9with decreasedXbp1(L) due to IRE1a-induced splicing ofXbp1mRNA. (C)Western blot
eIF2α, IRE1α, PDI and CHOP. (D) Ad5-CCN1 did activate JNK, caspase-12, -9, and -3with an
ﬁbronectin and collagen type Iwith increasedUPRmarker proteins such as PERK, p-eIF2α,
40 E. Borkham-Kamphorst et al. / Cellular Signalling 28 (2016) 34–42We therefore investigated the mechanism of CCN1 involvement
through overexpressed CCN1 in primary HSC and MFB. We found that
overexpressed CCN1 signiﬁcantly inhibits production of col1α1 at
both mRNA and protein levels, as evidenced by qRT-PCR, Western blot
and immunocytochemistry. Additionally, CCN1 attenuated Smad2
phosphorylation (Fig. 2A), in line with our previous observation that
transiently expressed CCN1 reduced portal myoﬁbroblast ﬁbrogenesis
in vitro and in in vivo in experimental cholestatic liver ﬁbrosis, through
attenuation of TGF-β signaling by scavenging biologically active TGF-β
[19]. Cells overexpressing CCN1 produce lesser amounts of col1α1
(Fig. 2B), indicating that CCN1 inhibits collagen production in HSC.
CCN1 transduced HSC further promotes cellular apoptosis as evidenced
by increased expression of the apoptotic marker proteins cleaved
caspase-3 and -9, JNK phosphorylation and triggering a cellular alarm
compensatory response that is marked by p65 NF-κB phosphorylation
(Fig. 3A). We further observed increased TUNEL positive staining
(Fig. 3B) following CCN1 expression, with cellular detachment from
the culture substratum. Since CCN1 induces cellular senescence [17,19,
27], we further performed β-Gal staining. The colorimetric β-Gal stain
showed that the cellular death that is induced by the high content of
CCN1/CYR61 is not associated with senescence-associated pathways
that are generally associated with DNA damage, replication stress, and
intracellular oxidative stress. Instead we found that CCN1 introduced
by either adenoviral infection or conventional transfection caused apo-
ptosis in HSC. Immunocytochemistry showed that the overwhelming
concentrations of CCN1 were found in cytoplasmic perinuclear areas
within cellular regions where ER is localized (Fig. 2D). Therefore, weFig. 5. TUDCA, an ER stress inhibitor mitigates Ad5-CCN1 induced apoptosis. (A) Ad5-CCN1 ind
genes including Chop, Xbp1 (s), endoplasmic reticulumoxidoreductaseα (Ero1a), endoplasmic r
3 (Dnajc3), ER degradation enhancer mannosidase α-like 1 (Edem1), and protein disulﬁde iso
IRE1α, p-ASK, p-JNK, p-eIF2α, CHOP and cleaved caspase-3 with β-actin as loading control. (
UPR marker proteins evaluated showed that TUDCA at 300 μM to decrease p-PERK, p-eIF2α,
cell apoptosis.speculated that overwhelming intracellular concentrations of CCN1
might induce ER overload and ER stress resulting in UPR triggering
HSC apoptosis. In line with this assumption, we found that Ad5-CCN1
transducedHSC andMFB showed substantial upregulation of UPR target
gene mRNAs (Fig. 4B) and protein levels (Fig. 4C). This phenomenon
was also found in CCN1 plasmid-transfected CFSC-2G (Fig. 4D) but not
in cells that were incubated with recombinant CCN1 protein (data not
shown).
UPR is a cellular response to ER stress. Depending on stress intensity
and duration, the UPR is either pro-survival to preserve ER homeostasis,
or pro-death if the stress cannot be resolved. Among the UPR signaling
pathways, IRE1α is a key molecule that functions as a rheostat capable
of regulating cell fate. Accumulation of unfolded proteins in the ER stim-
ulates IRE1α oligomerization in ER membranes and autophosphoryla-
tion of IRE1α's cytosolic domain [30]. The RNAse domain processes an
intron from the X box-binding protein-1 (XBP-1) mRNA to allow pro-
duction of the XBP-1 protein. Overexpression of CCN1 in our experi-
ments upregulated IRE1α protein in HSC, CFSC-2G and LX-2 and
induced increased XBP1(s) mRNA splicing. The XBP-1 protein binds to
promoters of several genes involved inUPR andER-assisted degradation
(ERAD) to restore protein homeostasis and promote cytoprotection. In
addition to its cytoprotective function, IRE1α also stimulates activation
of apoptotic-signaling kinase-1 (ASK1), thus triggering downstream
activation of the stress kinases Jun-N-terminal kinase (JNK) and p38
MAPK that promote apoptosis [31]. We found signiﬁcant JNK activation
and NF-κB activation but no difference in p38 activation (data not
shown).uced spXBP1 in LX-2 cells. (B) Quantitative RT-PCR showing upregulation of UPR marker
eticulumstress-inducible protein Herp (Herb), DNAJ/HSP40homolog subfamily Cmember
merase family A member 4 (Pdia4). (C) Western blot showing UPR marker proteins BIP,
D) Ad5-CCN1 transduced LX-2 cells incubated with different dosage of TUDCA for 48 h.
CHOP, p-BCl2 and cytochrome C and resulting in mitigation of Ad5-CCN1-induced LX-2
41E. Borkham-Kamphorst et al. / Cellular Signalling 28 (2016) 34–42Apoptotic signals from ER stress can lead to direct caspase-12 activa-
tion that exists as a proformon the cytoplasmic site of the ER. Activation
of caspase-12 requires the cleavage of the proform from the ER mem-
brane surface by the proteases to be present on the ER surface. Elevation
of intracellular calcium concentrations during ER stress leads to move-
ment of calpain to the ER surface, where it activates caspase-12 [32].
Our ﬁndings conﬁrm that Ad5-CCN1 activates caspase-12 as evidenced
by reduced procaspase-12 and increased p20 andp10 catalytic subunits,
resulting in activation of the effector caspase-3. We additionally found
upregulation of cytochrome C in Ad5-CCN1 transduced HSC, suggesting
that the mitochondria may play a secondary role in ER stress-initiated
apoptosis in HSC. During the onset of ER stress, the reticular and mito-
chondrial networks are redistributed towards the perinuclear area and
their points of connection are increased in a microtubule-dependent
fashion. An increased mitochondrial transmembrane potential is ob-
served only in redistributed mitochondria, whereas mitochondria
that remain in other subcellular zones display no signiﬁcant chang-
es. ER stress that is caused by an accumulation of misfolded proteins
should be manifest close to the nucleus, at least at earlier phases,
which justiﬁes the localized needs of a bioenergetic supply frommi-
tochondria [33]. We hypothesize that, above a certain threshold of
ER damage, mitochondrial responses are no longer controlled, and
Ca2+ overload results in permeability transition and the activation
of mitochondrial apoptosis, as previously reported for other cells
[34,35].
To support the evidence that Ad5-CCN1-induced apoptosis is medi-
ated through theUPR,we incubated cellswith TUDCA, a hydrophilic bile
acid ER stress inhibitor. This compound acts by mobilizing intracellular
free calcium to modulate intracellular homeostasis and blocking a
calcium-mediated apoptotic pathway [36,37]. In LX-2 cells, TUDCA
(300 μM)effectively attenuates Ad5-CCN1-induced ER stress, evidenced
by decreased quantities of p-PERK, p-peIF2α and CHOP resulting inFig. 6. Schematic depiction of CCN1 function in ER-stress-induced HSC apoptosis. (A) Under ph
mRNA synthesis. ThesemRNAs are translated across themembrane of the ER. This cellular comp
modiﬁcation. The ﬁnal synthesized protein is exported and secreted into the ECM. (B) Based on
size and correctly fold thehigh content of thatmatricellular protein. Instead the overwhelming l
In this pathway, the three major stress sensors (IRE1α, PERK, and ATF6) transmit alarm signals
triggers processing of an intron fromXBP-1mRNA allowing production of the XBP-1 protein. Th
proteins. Likewise, the oligomerisation of PERK and the activation of the ATP6 lead to expressi
downstream stress kinases (JNK) promoting apoptosis and host defense signaling cascades (NF
tent of malfolded CCN1 load, the cell is ﬁnally driven into apoptosis.diminished concentrations of the apoptotic marker protein cleaved
caspase-3. TUDCA further decreased cytochrome C levels, along with
other responses, including prevention of mitochondria depolarization
that could play an important role in the overall anti-apoptotic effect.
The intent of the UPR is to adapt to a changing environment and re-
establish normal ER function. These adaptive mechanisms involve tran-
scriptional programs that induce gene expression enhancing the protein
folding capacity of the ER, and promoting ER-associated protein degra-
dation to remove malfolded proteins. The translation of mRNAs is ini-
tially also inhibited, reducing the inﬂux of new proteins into the ER
until mRNAs encoding UPR proteins are produced and cells are driven
into senescence and cell survival. When this adaptation fails, ER-
initiated pathways signal alarm by activating NF-κB, a transcription
factor that induces expression of genes encoding mediators of host de-
fense. Excessive and prolonged ER stress triggers cell suicide, usually
in the form of apoptosis, representing a last resort of multicellular
organisms to dispense of dysfunctional cells (Fig. 6).
In summary, we have demonstrated that CCN1 is a critical factor that
modulates the three phases of ER stress, namely adaptation, alarm, and
apoptosis. The overexpression of CCN1 induced HSC apoptosis through
ER overload, resulting in ER stress and UPR. We conclude that CCN1
might be particularly important in later stages of wound repair. As a
self limiting step, it then induces MFB apoptosis to avoid progressive
ﬁbrosis or to initiate resolution of ﬁbrotic scar tissue. Therefore, a bal-
anced therapeutic CCN1 gene transfer might be beneﬁcial to effectively
mitigate or resolve liver ﬁbrosis, particularly when the transgene is
speciﬁcally targeted to HSC and MFB representing the major ECM-
producing cell subpopulations in the liver. In addition, it might be
possible that the quantities of a speciﬁc stress factor that is necessary
to induce UPR is cell type speciﬁc. This concept was proven in a study
that investigated the effects of different inhibitors of the sphingosine
kinases 1 and 2 [38]. Potentially, a different sensitivity of the hepaticysiological condition, the transcription of CCN1 is tightly controlled presuming a balanced
artment is responsible for proper protein synthesis, folding, and potential posttranslational
themolecular nature of CCN1 harboring 38 cysteine residues, the ER is not able to synthe-
oad ofmalfolded proteins induces a cellular stress response related to the ER ending inUPR.
to the nucleus and cytosol to restore protein-folding capacity. The RNase domain of IRE1α
is protein transduces into the nucleus and initiates transcription of various UPR-associated
on of proteins that should counteract ER stress. IRE1α also activates ASK1, thus triggering
-κB) through IRE1α and TRAF2. If all UPR pathways are not able to deal with the high con-
42 E. Borkham-Kamphorst et al. / Cellular Signalling 28 (2016) 34–42cell subpopulations to a speciﬁc UPR inducer will also offer attractive
possibilities to establish novel treatment modalities in hepatic ﬁbrosis.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cellsig.2015.10.013.
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